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(57) ABSTRACT 

A method for three dimensional image segmentation of a 
volume of interest includes providing a three dimensional 
image of the volume of interest, providing an initial poly 
hedron having a plurality of mesh vertices Within the three 
dimension image and determining an image-based speed at 
each vertex of the polyhedron using an ordinary diiferential 
equation (ODE) that describes the vertex motion of the 
polyhedron. The method further includes determining a 
regularization term at each vertex of the polyhedron, updat 
ing the plurality of mesh vertices of the polyhedron, inte 
grating the image-based speed of each vertex over a face of 
the polyhedron, and determining an output polyhedron 
approximating a shape of the volume of interest. 

14 Claims, 6 Drawing Sheets 
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ACTIVE POLYHEDRON FOR 3D IMAGE 
SEGMENTATION 

This application claims priority to US. Provisional Appli 
cation Ser. No. 60/549,468, ?led on Mar. 2, 2004, Which is 
herein incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Technical Field 
The present invention relates to image segmentation, and 

more particularly to a system and method for a three 
dimensional image segmentation using an active polyhe 
dron. 

2. Discussion of Related Art 
Segmentation is a vital component of many clinical 

medical imaging applications, including anatomic analysis 
and modeling, morphological measurement, visualization, 
and surgical planning. Unfortunately, segmentation is often 
a challenging problem due to dif?culties resulting from 
noise, limited contrast, and Weak boundaries often observed 
in medical images. While manual segmentation can help 
address such issues, it requires tedious, labor-intensive 
Work, particularly for three dimensional (3D) data. Conse 
quently, there has been much recent interest in automated 
segmentation approaches, Which can be grouped in to tWo 
major categories. 

First, deformable surfaces that represent a surface explic 
itly have been used in numerous medical imaging problems, 
including the segmentation of anatomical structures. While 
it is possible to model topological changes using an explicit 
surface representation, an advantage of the second major 
category of segmentation approaches, those based on level 
set methods, is that they rely on an implicit surface repre 
sentation that can automatically change topology When 
necessary. 

Although the function that controls the speed of each 
vertex in either the explicit or implicit schemes may depend 
on a local, global, or region-based statistic or descriptor, the 
motion of each vertex is not coupled to its neighbor vertices 
or adjacent faces. As a result, such methods are prone to 
segmentation errors resulting from local variations in the 
statistic or descriptor, and can therefore produce erroneous 
segmentations. In particular, the surface may leak into 
nearby unrelated regions or break apart into multiple dis 
connected pieces, or have an irregular shape. 

Therefore, a need exists for a system and method for 
robust 3D image segmentation. 

SUMMARY OF THE INVENTION 

In addition to using a global descriptor function, a system 
and method according to an embodiment of the present 
disclosure uses an active polyhedron that integrates the 
motion of each vertex over the polyhedral faces, effectively 
providing a loWpass ?ltering effect on the data measure 
ments. An active polyhedron according to the present dis 
closure olfers increased robustness to noise, particularly in 
presence of speckle observed in ultrasound data. This type of 
noise is spatially correlated and contaminates pointWise 
image measurements. An active polyhedron is less prone to 
segmentation errors resulting from local variations in the 
speed function, and in such cases, Will be more effective at 
aligning its faces With the target structure. 

According to an embodiment of the present disclosure, a 
method for three dimensional image segmentation of a 
volume of interest comprises providing a three dimensional 
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2 
image of the volume of interest, providing an initial poly 
hedron having a plurality of mesh vertices Within the three 
dimension image and determining an image-based speed at 
each vertex of the polyhedron using an ordinary differential 
equation (ODE) that describes the vertex motion of the 
polyhedron. The method further comprises determining a 
regularization term at each vertex of the polyhedron, updat 
ing the plurality of mesh vertices of the polyhedron, inte 
grating the image-based speed of each vertex over a face of 
the polyhedron, and determining an output polyhedron 
approximating a shape of the volume of interest. 
The method comprises determining iteratively the image 

based speed of each vertex and the regularization term, and 
updated mesh vertices until the vertices of the polyhedron 
have converged. 
The method comprises performing a mesh operation after 

updating the plurality of mesh vertices of the polyhedron to 
groW or shrink a surface of the polyhedron. The mesh 
operation is one of an edge split, an edge collapse and a face 
split. 
The regularization term prevents a surface of the polyhe 

dron from self-intersecting. The regularization term 
increases in in?uence as a vertex approaches a surface of the 
polyhedron. The regularization term is based on electrostatic 
principles and does not penalize high curvature. 

The method comprises determining a topological change 
in the polyhedron after updating the plurality of mesh 
vertices of the polyhedron. 
A program storage device is provided readable by 

machine, tangibly embodying a program of instructions 
executable by the machine to perform method steps for three 
dimensional image segmentation of a volume of interest. 
The method comprises providing a three dimensional image 
of the volume of interest, providing an initial polyhedron 
having a plurality of mesh vertices Within the three dimen 
sion image and determining an image-based speed at each 
vertex of the polyhedron using an ordinary differential 
equation (ODE) that describes the vertex motion of the 
polyhedron. The method further comprises determining a 
regularization term at each vertex of the polyhedron, updat 
ing the plurality of mesh vertices of the polyhedron, inte 
grating the image-based speed of each vertex over a face of 
the polyhedron, and determining an output polyhedron 
approximating a shape of the volume of interest. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the present invention Will be 
described beloW in more detail, With reference to the accom 
panying draWings: 

FIG. 1 is a How chart according to an embodiment of the 
present disclosure; 

FIGS. 2A-B are illustrate the vertices and edges used in 
the parameterization of a triangle according to an embodi 
ment of the present disclosure; 

FIG. 3 is an illustration of an electric ?eld of a disk of 
charge; 

FIG. 4 is a 3D segmentation using an active polyhedron 
according to an embodiment of the present disclosure; 

FIG. 5A-B are images of tWo dimensional slices accord 
ing to an embodiment of the present disclosure; 

FIG. 5C-D are images of tWo dimensional slices from a 
segmentation result using a continuous active surface imple 
mented With level set methods; 

FIG. 6 illustrates mesh operations according to an 
embodiment of the present disclosure; and 
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FIG. 7 is a diagram of a system according to an embodi 
ment of the present disclosure. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

According to an embodiment of the present disclosure, an 
active polyhedron is a 3D deformable surface for the seg 
mentation of medical images. Rooted in curve and surface 
evolution theory, an active polyhedron is a polyhedral sur 
face Whose vertices deform to minimiZe a region-based 
energy functional. Unlike continuous active surface models, 
the vertex motion of an active polyhedron is computed by 
integrating speed terms over polygonal faces of the surface. 
The resulting ordinary differential equations (ODEs) pro 
vide improved robustness to noise and alloW for larger time 
steps compared to continuous active surfaces implemented 
With level set methods. An electrostatic regularization 
method achieves global regularization While better preserv 
ing sharper local features. Experimental results demonstrate 
the effectiveness of an active polyhedron in segmenting 
noisy medical image data. 
A method for determining motion for an active polyhe 

dron has been derived by minimiZing an energy function 
using gradient descent. Referring to FIG. 1, a How chart of 
a method according to an embodiment of the present dis 
closure, a 3D image including a volume of interest and a 
polyhedron are provided as input. The input polyhedron may 
be a shape such as a cube in the 3D image. Given a surface 

S: IR2 A IRQaround a region RCIRB, as Well as a function f: 

IRQAIR, and using a divergence theorem to express the 
energy of the surface determined over R as a surface integral 
over 6R, 

Where N denotes the outWard unit normal to S, and F is 
chosen so that V~F:f,dS is the differential area on the 
surface, and <~> is the inner product operator. Using a 
surface parameteriZation of S(u,v):(x(u,v),y(u,v),Z(u,v)), 
this surface integral may be re-expressed as 

(1) 

Where S” and Sv are the derivatives of S With respect to u and 
v. Taking the derivative of E(S) With respect to a variable p 
Whose variation affects the geometry of the surface, but is 
independent of the parameteriZation variables (u,v) can be 
shoWn to have the form 

Eq. (3) applies both to a continuous active surface as Well 
as a surface discretely sampled using a polygonal mesh. 
A constraint that S be a mesh of N triangles is added. S, 

the ith triangle of S, can be parameteriZed as 
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Si(u1v):v1i+ue1i+ve2i> (4) 

Where points V11, V2,, and v3l- are triangle vertices, triangle 
edge vectors eliqlzlrvli, e2i:v3i—v1i, and ue[0,l] and ve[0, 
1-u] are the parameteriZation variables over Which the 
integrals in the equations beloW Will be evaluated. A depic 
tion appears in FIG. 2A. 
The vertices and edges used in the parameteriZation of a 

triangle are shoWn in FIG. 2A. Any point on the triangle can 
be expressed as xi:(vli+ueli+ve2i). In FIG. 2B, the vk’s 
neighbor triangles Dk are shoWn. 

With this parameteriZation, Sifeli, SZ-VIeZi, dSZ-IHeIZ-eZZ-H, 
Eq. (3) may be expressed as a sum of pieceWise continuous 
integrals over the triangle faces, 

L (5) 
Ep(S) = fWri + 1461; + vezixsip, N?dsiw 

[:1 Si 

Sip is de?ned for vertex vk as 

(l—u—u)e, s; ED. (6) 
0, otherwise 

Where Dk is the set of M surface triangles that neighbor 
vertex vk, as depicted in FIG. 2B, and e:[ex,ey,ez] denotes 

one off the standard basis vectors for IE3. An evaluation of 
Eq. (5) With p equal to one of coordinates of vk yields: 

If a time variable t is introduced and coordinates (xi,yl.,Zl.) 
are evolved in the gradient directions given above, the 
folloWing gradient How is obtained for the vertex vk, 

listen,‘ 

Eq. (7) is an ordinary differential equation (ODE) that 
describes the vertex motion of the active polyhedron (see 
FIG. 1, 101). This equation can be computed using MK2 
operations, Where K is the number of samples (in one 
dimension) on a triangle at Which the integration occurs. 
Note that Eq. (7) is signi?cantly different than continuous 
models as the function f is integrated over triangular faces 
rather than applied pointWise. This integration of f provides 
added robustness to noise, Which is particularly useful When 
segmenting 3D noisy images. Also note that the image 
based data term f in Eq. (7) is general, alloWing one to 
design different ?oWs for solving various problems. 
The How of an active polyhedron may, under the sole 

in?uence of a data term, become irregular When a vertex 
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becomes in?nitesimally close to a non-neighbor face of the 
polyhedron. To address this issue, a natural regularization 
term a based on electrostatic principles is incorporated. 

The electrostatic regularization technique models a uni 
form charge density 7» along each surface triangle. This 
charge density induces a global electric ?eld G€R3 that 
applies a repulsive force at each vertex. To determine the 
electric ?eld at a general point peR3, the differential electric 
?eld dG(p) exerted by a charged particle at location xi on 
triangle Sl- needs to be considered. As given by Coulomb’s 
laW, the electric force is inversely proportional to the square 
of the Euclidean distance |lp—xl-|l2 betWeen the charged par 
ticles, and directed along the vector (p—xl-)/|lp—xi|l. 

(3) 

Where xi:(vli+ue1i+ve2i) is a point on Si, and n:4. 
While using n:3 in Eq. (8) imparts a repulsive force to a 

surface vertex, it fails to become singular as the vertex 
approaches the surface. This can be demonstrated if one 
considers a vertex p:[0,0,z]T directly above a disk of uni 
form charge and radius r as depicted in FIG. 3. In this case, 
electromagnetics gives the electric ?eld: 

Z A 

C(p) = 27r/1(1— my 

and thus 

limG(p) : 27r/I2. 
b0 

Preferring an electric ?eld that goes to in?nity in the limit 
as the vertex moves toWards the charged surface in order to 
prevent the surface from self-intersecting; n may be set to 4 
in Eq. (8). 

There are several Ways to make use of Eq. (8) to displace 
vertex vk to regularize the surface. Perhaps the most thor 
ough method Would be to integrate the ?eld G at each point 
peDk, Weighted by (1—u—v) so that points closer to vk 
contribute more to the regularization, 

M 

Z (r-u-wcdjmsj, 
SjeDk 3] 

Where each G(xj) is computed over the L triangles Ck:S\Dk 
(to avoid in?nities). HoWever, for each vertex, such an 
approach includes solving sums of quadruple integrals, 
Which has computational complexity of LMK4 operations. 

To reduce the computational load, the vertex displace 
ment (see FIG. 1, 102) is determined as: 

(10) 

1:15; ck 

WhIZCh, for each vertex, has computational complexity of 
LK operations. In practice, this approach offers sufficient 
regularization and is reasonably fast. This electric force is 
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6 
designed to be insigni?cant When vk is not very close to the 
surface triangles in Ck, but becomes in?uential, even domi 
nant, When the vertex gets very close to triangles in Ck. 

Referring noW to an implementation of a method accord 
ing to an embodiment of the present disclosure, a combina 
tion of Eq. (7) and Eq. (10) yields the vertex ?oW (see FIG. 
1, 103): 

Where 0t is a constant that Weights the data term relative to 
the regularization term. In practice, a value of (X:0.95 o?fers 
desirable performance. With this heavier Weight on the data 
term, the regularization contributes signi?cantly to the How 
When degeneracy occurs, alloWing for the data term to 
govern the evolution during most of the evolution. Since 
updating a single vertex includes (L+M)K2:NK2 operations, 
the complexity of a method according to an embodiment of 
the present disclosure is NZK2 operations for each time step. 

The implementation of the active polyhedron supports 
mesh operations including edge splitting and collapsing, so 
that the mesh maintains a proper vertex density during 
evolution. These operations alloW the surface to groW and to 
shrink. Topological changes can be modeled as Well. 

Referring to mesh operations (see FIG. 1, 104); While the 
surface is deforming, mesh operations achieve a mesh 
having a desirable vertex distribution. ToWards this end edge 
split, edge collapse and face split operations are imple 
mented. 
The edge split operation splits any edge Whose length 

goes above a maximum length. A neW vertex is placed at the 
center of the edge, and each triangle that included the edge 
is split into tWo, as shoWn in FIG. 6. The edge collapse 
operation collapses any edge Whose length goes beloW a 
minimum length. The tWo vertices that comprise the edge 
are merged to one vertex, as shoWn in FIG. 6. For the face 
split operation, during evolution, the magnitude of the image 
force applied to each face is computed. If face splitting is 
enabled, the triangle With the largest magnitude force is split 
into three triangles by placing a neW vertex at the triangle 
center, as shoWn in FIG. 6. The intuition here is that the 
edges With higher image speeds are close to image structures 
that may require ?ner details. Face splitting is enabled 
periodically during the surface ?oW. 

These operations alloW the surface to groW and to shrink 
Without the need to support topological changes. For many 
applications this is an advantage rather than a disadvantage. 
Topological changes may introduce complexities into the 
topology of the level-set surface due to surface breaks or 
leaks into surrounding unrelated regions While propagating. 
It should be understood that topology adaptivity can be 
added to an active polyhedron according to an embodiment 
of the present disclosure. For example, topological transfor 
mations including merging, splitting, creation, and deletion 
may be implemented. 

FIG. 6 shoWs mesh operations Wherein, the topmost mesh 
601 is re?ned using the edge split operator 602, edge 
collapse operator 603 and face split operator 604. 
A speed term is introduced. For region-based functional 

for segmentation, the image-based speed term f described in 
Eq. (7) has a form that can be customized for speci?c tasks. 
For image segmentation, a pieceWise constant region-based 
energy function that uses mean statistics is implemented as: 
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?x):-(l(x)—mi)2+(l(x)—mo)2 (12) 

Where I is the 3D image, x is a point on the surface, ml- and 
mo are the mean values of I inside and outside the polyhe 
dron, respectively. This speed function is Well suited to the 
segmentation of noisy images, as it does not rely on the 
image gradients. The voxels inside and outside the surface 
are found via scanline rasteriZation of the polyhedron. 

Referring to a speed term for a boundary-based functional 
for reconstruction from unorganiZed points; For reconstruct 
ing surfaces from unorganiZed points, a gradient How on a 
distance volume is used to ?nd the minimal distance surface. 
That is, 

f(x):—VD(x)'N(x) (13) 

Where D is a distance volume formed by placing the unor 
ganiZed points into a volumetric grid and determining the 
unsigned distance at each voxel to the closest unorganiZed 
point, and N is the surface normal. 

The deformation and mesh operations continue until 
convergence of the vertices (see FIG. 1, 105). A polyhedron 
is output upon determining that the vertices have converged. 
Convergence may be determined manually, Where the poly 
hedron does not appear to change over time, or may be 
determined according to an energy function, for example, 
see Eq. (12). The energy function of the polyhedron 
decreases over time to a minimum as the polyhedron 
evolves. A threshold may be used to determine convergence, 
e.g., the change in the energy function describing the poly 
hedron is less than a predetermined threshold, or may be an 
energy function threshold beloW Which convergence is 
de?ned. 

Experimental results shoW an active polyhedron’s ability 
to segment 3D image data. A ?rst example consists of a 1283 
volume of synthetic ultrasound data. The data suffers poor 
contrast and corruption by speckle noise. Inside the volume 
is a darker cylindrical structure that simulates a blood vessel. 
This data is segmented by placing a cube inside and at one 
end of the vessel, and evolve the active polyhedron using a 
regional data term based on the mean inside vs. the mean 
outside the surface and the electrostatic regulariZer. FIG. 4 
shoWs the evolving active polyhedron for tIO, 10, 20, 30, 
and 35 iterations, upon Which the surface converged (see 
FIG. 1, 105). On the right of FIG. 4 a segmentation result 
achieved With the same data term and a curvature-based 
regulariZer using a continuous active surface implemented 
With level set methods is shoWn. Notice that result obtained 
With the active polyhedron is much smoother due to the 
integration of the data term along each triangle face, com 
pared to the pointWise motion of the continuous active 
surface, Which suffers multiple topology changes and leak 
ing due to the speckle. Although it is possible to increase the 
regularization of the continuous active surface, doing so 
results in unsatisfactory results as the data term becomes 
ineffective in being attracted to target image features. The 
active polyhedron model produces better segmentation 
results, as is apparent in 2D slices of the volume, shoWn in 
FIGS. 5A-D. 

In FIGS. 5A and 5B slices 50 (501) and 90 (502) are 
shoWn, used With a polyhedral model according to an 
embodiment of the present disclosure. In FIGS. 5C and 5D 
the same slices are shoWn from the segmentation result 
using a continuous active surface implemented With level set 
methods. 

It is to be understood that a method for 3D image 
segmentation using an active polyhedron according to an 
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8 
embodiment of the present disclosure may be implemented 
in various forms of hardWare, softWare, ?rmWare, special 
purpose processors, or a combination thereof. In one 

embodiment, a method for 3D image segmentation using an 
active polyhedron may be implemented in softWare as an 
application program tangibly embodied on a program stor 
age device. The application program may be uploaded to, 
and executed by, a machine comprising any suitable archi 
tecture. 

Referring to FIG. 7, according to an embodiment of the 
present invention, a computer system 701 for implementing 
the present invention can comprise, inter alia, a central 
processing unit (CPU) 702, a memory 703 and an input/ 
output (I/O) interface 704. The computer system 701 is 
generally coupled through the I/O interface 704 to a display 
705 and various input devices 706 such as a mouse and 
keyboard. The support circuits can include circuits such as 
cache, poWer supplies, clock circuits, and a communications 
bus. The memory 703 can include random access memory 

(RAM), read only memory (ROM), disk drive, tape drive, 
etc., or a combination thereof. The present invention can be 
implemented as a routine 707 that is stored in memory 703 
and executed by the CPU 702 to process the signal from the 
signal source 708. As such, the computer system 701 is a 
general purpose computer system that becomes a speci?c 
purpose computer system When executing the routine 707 of 
the present invention. 
The computer platform 701 also includes an operating 

system and micro instruction code. The various processes 
and functions described herein may either be part of the 
micro instruction code or part of the application program (or 
a combination thereof) Which is executed via the operating 
system. In addition, various other peripheral devices may be 
connected to the computer platform such as an additional 
data storage device and a printing device. 

It is to be further understood that, because some of the 
constituent system components and method steps depicted 
in the accompanying ?gures may be implemented in soft 
Ware, the actual connections betWeen the system compo 
nents (or the process steps) may differ depending upon the 
manner in Which the present invention is programmed. 
Given the teachings of the present invention provided 
herein, one of ordinary skill in the related art Will be able to 
contemplate these and similar implementations or con?gu 
rations of the present invention. 

Having described embodiments for a system and method 
for a 3D image segmentation using an active polyhedron, it 
is noted that modi?cations and variations can be made by 
persons skilled in the art in light of the above teachings. It 
is therefore to be understood that changes may be made in 
the particular embodiments of the invention disclosed Which 
are Within the scope and spirit of the invention as de?ned by 
the appended claims. Having thus described the invention 
With the details and particularity required by the patent laWs, 
What is claimed and desired protected by Letters Patent is set 
forth in the appended claims. 
What is claimed is: 
1. A method for three dimensional image segmentation of 

a volume of interest comprising: 
providing a three dimensional image of the volume of 

interest; 
providing an initial polyhedron having a plurality of mesh 

vertices Within the three dimension image; 
determining an image-based speed directed along a sur 

face normal at each vertex of the polyhedron using an 
ordinary differential equation (ODE) that describes the 
vertex motion of the polyhedron; 
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determining a regularization term at each vertex of the 
polyhedron; 

updating the plurality of mesh vertices of the polyhedron, 
integrating the image-based speed of each vertex over 
a face of the polyhedron; and 

determining an output polyhedron approximating a shape 
of the volume of interest. 

2. The method of claim 1, further comprising determining 
iteratively the image-based speed of each vertex and the 
regularization term, and updated mesh vertices until the 
vertices of the polyhedron have converged. 

3. The method of claim 1, further comprising performing 
a mesh operation after updating the plurality of mesh 
vertices of the polyhedron to groW or shrink a surface of the 
polyhedron. 

4. The method of claim 3, Wherein the mesh operation is 
one of an edge split, an edge collapse and a face split. 

5. The method of claim 1, Wherein the regularization term 
prevents a surface of the polyhedron from self-intersecting. 

6. The method of claim 5, Wherein the regularization term 
increases in in?uence as a vertex approaches a surface of the 
polyhedron. 

7. The method of claim 6, Wherein the regularization term 
is based on electrostatic principles and does not penalize 
high curvature. 

8. A program storage device readable by machine, tangi 
bly embodying a program of instructions executable by the 
machine to perform method steps for three dimensional 
image segmentation of a volume of interest, the method 
steps comprising: 

providing a three dimensional image of the volume of 
interest; 

providing an initial polyhedron having a plurality of mesh 
vertices Within the three dimension image; 
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10 
determining an image-based speed directed along a sur 

face normal at each vertex of the polyhedron using an 
ordinary differential equation (ODE) that describes the 
vertex motion of the polyhedron; 

determining a regularization term at each vertex of the 
polyhedron; 

updating the plurality of mesh vertices of the polyhedron, 
integrating the image-based speed of each vertex over 
a face of the polyhedron; and 

determining an output polyhedron approximating a shape 
of the volume of interest. 

9. The method of claim 8, further comprising determining 
iteratively the image-based speed of each vertex and the 
regularization term, and updated mesh vertices until the 
vertices of the polyhedron have converged. 

10. The method of claim 8, further comprising performing 
a mesh operation after updating the plurality of mesh 
vertices of the polyhedron to groW or shrink a surface of the 
polyhedron. 

11. The method of claim 10, Wherein the mesh operation 
is one of an edge split, an edge collapse and a face split. 

12. The method of claim 8, Wherein the regularization 
term prevents a surface of the polyhedron from self-inter 
secting. 

13. The method of claim 12, Wherein the regularization 
term increases in in?uence as a vertex approaches a surface 
of the polyhedron. 

14. The method of claim 13, Wherein the regularization 
term is based on electrostatic principles and does not penal 
ize high curvature. 


